High-quality Sb 2 Te 3 films are obtained by molecular beam epitaxy on a graphene substrate and investigated by in situ scanning tunneling microscopy and spectroscopy. Intrinsic defects responsible for the natural p-type conductivity of Sb 2 Te 3 are identified to be the Sb vacancies and Sb Te antisites in agreement with first-principles calculations. By minimizing defect densities, coupled with a transfer doping by the graphene substrate, the Fermi level of Sb 2 Te 3 thin films can be tuned over the entire range of the bulk band gap. This establishes the necessary condition to explore topological insulator behaviors near the Dirac point.
The discovery of three-dimensional topological insulators (TIs) in group V chalcogenides, whose topological surface states (SSs) host two-dimensional helical Dirac fermions (DFs), has spurred tremendous interests in this class of materials as a potential vehicle for the exotic physical phenomena to exist only in DFs [1] [2] [3] [4] [5] [6] . While Bi 2 Te 3 and Bi 2 Se 3 have been intensively studied in recent years [7] [8] [9] [10] [11] [12] [13] [14] , the study of Sb 2 Te 3 in the context of its TI behavior is still rare [15, 16] . While all these chalcogenide TIs have a simple SS band structure, consisting of a single Dirac cone in the surface Brillouin zone, Sb 2 Te 3 stands out for its unique advantages over Bi 2 Te 3 and Bi 2 Se 3 ; for example, the Dirac point lies well-detached from the bulk band edges [16, 17] to allow better measurement and manipulation of the DFs.
All available TIs are heavily populated by intrinsic defects. By introducing a significant amount of free carriers, these defects pin the Fermi level to the bulk band edges to shadow the electronic and spintronic responses of the DFs [5, 18, 19] . As such, defect control for fine-tuning the Fermi level inside the bulk band gap, especially at the exact charge neutrality point, has become an important and challenging issue in TI studies [7] [8] [9] [20] [21] [22] [23] . Previously, we established [24] [8] . There has been no n-type Sb 2 Te 3 reported, unless one dopes Sb 2 Te 3 by depositing a submonolayer cesium on the surface of a thin film [16] .
In this Letter, we show that the difficulty with Sb 2 Te 3 film is resolved by the MBE growth of Sb 2 Te 3 thin films on the graphene substrate without the extrinsic layer. There exists a special growth temperature, T c , at which the concentration of the holes reaches a minimum. By experimental determination of such a condition in conjunction with a transfer doping by the substrate, the Fermi level of Sb 2 Te 3 can now be tuned to coincide with the Dirac point for films of five quintuple layers or thicker. Our combined scanning tunneling microscopy (STM) and spectroscopy (STS) and density functional theory (DFT) calculation identify Sb vacancies (V Sb ) as the primary source of p-type conductivity for samples grown at low temperatures and Sb-onTe antisites (Sb Te ) as those for samples grown at high temperatures. These findings are consistent with the observation of T c at which the total concentration of the two acceptor defects reaches a minimum.
Our experiment was performed under an ultrahigh vacuum (base pressure < 1 Â 10 À10 Torr) in a combined lowtemperature STM and MBE chamber. An n-doped 6H-SiC (0001) substrate was used. The surface of the SiC, upon graphitization, was covered by a graphene bilayer [25] . During the growth, high-purity Sb and Te (both 99:9999%) were codeposited onto the substrate from Knudsen cells. After the growth, the Sb 2 Te 3 samples were transferred to an STM stage kept at 4.8 K, where the STM images and STS spectra (dI=dV) were taken. The STS spectra were acquired using a standard lock-in technique with a bias modulation of 1 mV rms at 987.5 Hz.
The mechanism for the MBE growth of Sb 2 Te 3 is more complex than that of Bi 2 Se 3 [25, 26] and Bi 2 Te 3 [24, 27] . During the growth of Sb 2 Te 3 , both Sb and Te fluxes are dominated by molecular species, mainly Sb tetramers (Sb 4 ) and Te dimers (Te 2 ). This is different from growing Bi 2 Se 3 and Bi 2 Te 3 , where Bi is mainly in the atomic form. A high substrate temperature and a low beam flux are required to avoid Sb clustering and the formation of structural defects due to the low mobility of Sb 4 . In addition, the sticking coefficient of the Sb 4 on graphene is lower than that on Sb 2 Te 3 . At a fixed beam flux, the substrate temperature must be lower than the threshold T 0 for Sb 2 Te 3 nucleation. After the nucleation stage, however, the temperature can be increased to improve the film quality. Thus, a two-step procedure was used. The Knudsen cell temperatures, T Sb and T Te , were kept at 330 and 225 C, respectively, which yield a Te-rich growth condition with a nominal Te=Sb flux ratio () of $10 and a low growth rate of $0:2 quintuple layers (QL) per minute. At this beam flux, T 0 is $190 C. The two-step growth temperatures T 1 and T 2 are thus set at $190 and 200-250 C, respectively. (111) lattice constant is measured to be $0:426 nm. The layerby-layer growth mode is further confirmed by the evolution of the quantum well states (QWSs) in the thin film. This can be seen in Fig. 1(b) , where a series of dI=dV spectra are taken on films of 1-8 QL. The layered crystal structure of Sb 2 Te 3 is shown in Fig. S1(a) of the Supplemental Material [28] . Within the Tersoff-Hamann approximation [29] , dI=dV spectra correspond to the local density of states (LDOS) for the film. The peaks on the low-energy side of the LDOS (marked by arrows) correspond to the QWS in the bulklike valence band (BVB), whereas the steps in the high-energy side correspond to the QWS in the bulklike conduction band (BCB). The separation between the QWS decreases with increasing film thickness. The energy difference between the highest BVB QWS and the lowest BCB QWS is related to the bulk energy gap. It decreases from $900 meV at 1 QL to $400 meV at 8 QL, as can be seen in Fig. 1(b) . More details about characterizing the QWS states by STS are provided in the Supplemental Material (Fig. S2) [28] .
For a thick film ( $ 50 QL), the LDOS spectrum in Fig. 1(c) shows a bulk gap of $300 meV. The oscillations due to QWSs in the BVB can still be clearly observed with a peak-to-peak distance of $23 meV. In the energy range of the bulk gap, the SS can be probed, showing a V-shaped spectrum with the zero-conductance point at $100 meV, corresponding to the Dirac point (E D ) of the SS [17] . The observation of the zero-conductance point in the bulk gap is direct evidence that the Dirac point on the Sb 2 Te 3 surface is well-detached from the bulk band edges. The position of E D [ $ 100 meV in Fig. 1(c) ] is insensitive to the growth parameters for thick films, for which the Fermi level is pinned around the BVB edge. This result reinforces the notion that both Sb 2 Te 3 films and bulk samples are p-type [15, 16] , which has hindered the use of photoemission techniques, a major tool for the investigation of the physical properties of the TIs [7, 9] .
Five types of defects under various growth conditions are observed. [10] and can be approximated by strongly interacting pp chains of atomic p orbitals [30] with the order Te1-Sb-Te2-Sb-Te1, as shown in Fig. 2(f) . A defect is expected to perturb the electronic states predominantly along three equivalent, 120 -apart pp chains passing the defect, resulting in three spots at surface atoms terminating the chains. The center joining the three spots is the lateral position of the defect. A surface Te-site defect (i.e., defect IV) is an exception for which only one spot should be seen. Using this argument, we identify that defect I is centered on a Sb site in the second layer, defects II and III are on Sb sites in the fourth layer, and defects IV and V are on Te sites in the first and fifth layers, respectively. More details on defect identification are given in the Supplemental Material (Fig. S1) [28] . In Fig. 2(d) , defects I, II, IV, and V show depression at positive bias and protrusion at negative bias, implying that they are electron acceptors, in accordance with the LDOS measurement using STS {Fig. S3(c) in the Supplemental Material [28] }. On the other hand, defect III shows an opposite contrast, for example, to defect II [see Fig. 2(c) ], even though they are on the same atomic site, implying that defect III is an electron donor. Thus, we may attribute defects I and II to Sb vacancies (V Sb ), defect III to a Te-on-Sb antisite (Te Sb ), and defects IV and V to Sb Te1 in different atomic layers, as illustrated in Fig. 2(f) .
The occurrence of these defects is intimately related to growth temperature T and flux : V Sb only exists at relatively low T and disappears above $200 C. Te Sb coexists with V Sb at low T ( < 200 C) and high . Sb Te1 appears at $200 C. Sb Te2 has not been observed for 190 C < T < 250 C, indicating that it has a higher formation energy than Sb Te1 . The defect assignments above are verified by DFT calculations, performed using the VASP code [31] . The generalized gradient approximation [32] was used for the exchange-correlation functional. Core electrons were represented by the projector augmented wave potentials [33] . Plane waves with a cutoff energy of 250 eV were used as the basis set. A (4 Â 4 Â 1) 240-atom supercell with lattice constants (a ¼ 4:264 A and c ¼ 30:458 A) was used to model the defects. A single special k point at ð7=24; 1=12; 1=4Þ was used to sample the Brillouin zone. Defect formation energies were calculated following the formalism in Ref. [34] . Figure 3 shows the calculated formation energy of possible intrinsic defects in Sb 2 Te 3 . At a strong Te-rich growth condition, V Sb is the lowest-energy defect. When the system becomes less Te-rich, which could be a result of increased substrate temperature [24] , Sb Te1 becomes the lowest-energy defect in agreement with our experiment. Our calculations confirmed that both defects are acceptors. The lack of Sb Te2 in our experiment can be explained because it is less stable than Sb Te1 by 0.2 eV. The lack of V Te can also be explained by its high formation energy. In addition, at a highly Te-rich condition corresponding to higher , Te Sb is only slightly higher in energy than V Sb , in line with the coexistence of Te Sb with V Sb in Fig. 2(c) .
We are unable to obtain Sb 2 Te 3 samples in which the Te Sb donor dominates. A too-high would degrade the sample morphology. To compensate for intrinsic acceptors, carriers of opposite sign must be introduced. In this regard, the n-doped graphene substrate can serve as an electron donor. Figure 4(a) shows the thickness dependence of E D with respect to E F . Between 4 and 5 QL, the two levels cross, implying an n-to-p-type conversion. The substrate transfer doping effect decays with film thickness, with the critical thickness at about $8 QL for this set of samples, above which E D approaches the bulk value.
With the knowledge on the defect formation, the thickness of the n-type region can be further increased by reducing the density of intrinsic acceptors to enable a wider range of Fermi-level tuning. Figure 3 predicts that, at the transition region between V Sb and Sb Te1 , the acceptor density is the lowest. Experimentally, we determined that this corresponds to the growth condition: ¼ $10 and T 2 ¼ $200 C, at which the amount of intrinsic defects is greatly reduced. Figure 4(b) shows that the defect density is on the order of $1:2 Â 10 11 =cm 2 , compared to, for example, $1:7 Â 10 12 =cm 2 for other samples. Accordingly, Fig. 4(d) shows consistently that E D is shifted downwards by $60 meV. In particular, E D is around À100 meV at 4 QL; E D nearly coincides with E F at 7 QL; and E D is above E F at 8 QL, as shown in Fig. 4(c) , signaling the transition to a p-type region. These results demonstrate that E F can be controlled in the energy range of AE100 meV around E D in our MBE samples while minimizing the effects of intrinsic or extrinsic defects.
In summary, by a combined STM-STS experiment and DFT calculation, we identify major intrinsic defects in MBE-grown Sb 2 Te 3 on a graphene substrate and explain the p-type behavior of the undoped films. We show that, by combining substrate n doping with intrinsic defect control, one could tune the Fermi level in Sb 2 Te 3 thin films to across nearly the whole band gap region of bulk Sb 2 Te 3 . This paves the way for further study of the TI behavior in large-gap Sb 2 Te 3 : for example, due to the helical nature of TI SSs, the spin direction with respect to the momentum changes sign for states below and above E D [35] . Thus, the Fermi surface of the SS may undergo a spin-texture reversion where the n-p transition takes place. In films with both electron and hole pockets of the DFs, exciton condensation may also be observed [4] . 
